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Abstract Recent research suggests that non-additive
genotypic effects may play an important role in the
establishment success of invasive species. However,
most empirical data for these inferences come from
greenhouse experiments. Only recently has researchers
tested non-additive genotypic effects and establishment
success of invasive alien species under field conditions.
Here we give a brief overview of this research and also
carefully consider data from the first publication, to our
knowledge, to report on non-additive genotypic effects
on invasion success under field conditions. We identify
some shortcomings in this important study and make
suggestions for future research aimed at better under-
standing the contributions of non-additive genotypic
effects to establishment success and invasion.
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The correlation between genetic diversity and intro-
duction history during successful biological invasions
has received much attention in recent years (Ward
et al. 2008). From this, two oversimplified scenarios
have emerged; that successful invasions are often
founded from multiple introductions and/or sources or
often result from a single introduction event from a
single native source (Duglosch and Parker 2008).
Multiple introductions/sources can increase genetic
diversity and lead to admixture while single introduc-
tions often result in genetically bottlenecked popula-
tions that harbor only a small proportion of natal
genetic variation. Therefore, reduced genetic varia-
tion, as afforded by single introductions events, may
limit evolutionary and adaptive potential and therefore
establishment and invasive success (Sakai et al. 2001).
Reasons for establishment success despite such low
genetic diversity are numerous and complex and can
include e.g. release from natural enemies (Roy et al.
2011), release from resource competitors (Rogers and
Siemann 2004) and pre-adaptations (Rey et al. 2012).
On the other hand, high genetic diversity must be to
the benefit of any population facing novel environ-
ments. This may explain why propagule pressure (the
number and size of introduction events) is often linked
to establishment success (Simberloff 2009). The
benefits of high propagule pressure may include
genetic novelty in the form of admixture (Le Roux
and Wieczorek 2009), a higher likelihood of intro-
ducing pre-adapted genotypes (Rey et al. 2012), being
able to overcome the effects of inbreeding depression
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(Martı́nez-Ghersa and Ghersa 2006) or density depen-
dence (Firestone and Jasieniuk 2012).
Recent work has also suggested that high genetic
diversity may have non-additive benefits to the
establishment success of species (e.g. Crawford and
Whitney 2010). Non-additive genotypic effects impli-
cate that complementarity among different genotypes
facilitate colonization success through trait variations
that deviate from those expected under pure additive
models (Hughes et al. 2008; Crutsinger et al. 2006), in
such a way that genetically diverse populations fare
better than genetically depauperate populations. For
example, non-additive effects may include increased
seedling emergence, biomass, flowering duration, and
reproduction as within population genetic diversity
increases (Crawford and Whitney 2010). However,
proving the benefits of these laboratory-inferred non-
additive effects to the establishment success of
invasive species under field conditions is not straight
forward. For example, increases in plant biomass due
to non-additive genotypic effects may in turn lead to
an increased incidence of herbivory in the wild
(Crutsinger et al. 2007; Utsumi et al. 2011) and
therefore for introduced species may ultimately ham-
per establishment success. This might be because
natural environments normally represent a mosaic of
diverse genotype 9 environment interactions that
often overrides the pure genotypic effects on pheno-
typic variation observed under greenhouse conditions
(e.g. see Johnson et al. 2008). Therefore, while
laboratory-based studies provide valuable informa-
tion, they fail to predict what would happen under field
conditions. Even additive genetic variation is signif-
icantly influenced when measured under diverse
conditions such as greenhouse versus field experi-
ments (Conner et al. 2003). Only a hand full of field-
based studies on the non-additive effects of natural
communities exists and mostly on native species/
communities, and it is clear that it is very difficult to
disentangle density effects from non-additive geno-
typic effects (Bailey et al. 2009; Hersch-Green et al.
2011).
Recent research shows a promising step in the right
direction to better understand the role of non-additive
genotypic effects in the establishment success of
introduced plants. Wang et al. (2012) compared
growth parameters between mono-, tri- and hexa-
genotype plots of smooth cord grass, Spartina alter-
niflora, an important invasive species in China. In this
paper, experiments under field conditions seem to
indicate that genetically diverse plots occasionally
outperformed plots consisting of single genotypes.
The ‘enhanced invasive ability’ of S. alterniflora may
thus be linked to non-additive effects of genotype
diversity. Given the potential importance of this
landmark paper we carefully scrutinized the data and
found some shortcomings. Based on these we suggest
directions for future research aimed at better under-
standing the role of non-additive genotypic effects on
establishment success.
Dominance by individual genotypes has often been
noted in studies aimed at investigating the non-
additive effects of genetic diversity on phenotypic
variation (Merill et al. 2012; Drummond and Vellend
2012). In other words, populations harboring high
genetic diversity (i.e. higher diversity of genotypes)
have a higher chance of containing well-performing
genotypes that will inflate mean overall performance.
Therefore an important consideration in these studies
should be to identify the genetic composition before
and after experimental treatments. For instance, Wang
et al. (2012) found that high genetic diversity plots of
smooth cord grass outperformed low genetic diversity
plots but did not determine the genetic composition of
post-establishment plots, and therefore the effects of
(a) one or a few dominant genotypes or (b) admixed
genotypes on their observed patterns cannot be
dismissed. Moreover, the effects of dominance might
be greatly amplified due to experimental design. For
example, the experimental layout employed by Wang
et al. (2012) and the fact that some single genotypes
consistently outperformed others make dominance by
particular genotypes a real possibility due to ‘hidden
treatments’ (Huston 1997). For example, in the Wang
et al. (2012) study the explanatory variable, i.e.
genotype diversity, is confounded by the increased
representation of particular genotypes as the number
of genotypes per experimental plot increases. In other
words, each individual genotype is present in all
mixed-genotype plots but only in 17 % of all mono-
genotype plots (Fig. S1, in Wang et al. 2012). Well-
performing genotypes may therefore be responsible
for the observed differences in growth identified
between mono- and mixed-genotyped plots. There-
fore, without post-establishment genotype identity it is
difficult to distinguish between dominance by one or
two genotypes or non-additive effects of all genotypes
combined.
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The problem of genotype dominance becomes
evident when one considers Wang et al.’s (2012)
results over the 2 year period of the study (Fig. S2 in
Wang et al. 2012), with some genotypes consistently
performing better than others. Wang et al. (2012)
considered that there were not significant differences
of performance between genotypes, however this
statement seems incorrect. For instance, genotypes
A, C and F seemed to perform better than the other
included genotypes for most growth parameters (Fig.
S2 in Wang et al. 2012). We reanalyzed Wang et al.’s
(2012) data (available from Dryad, http://datadryad.
org/handle/10255/dryad.37304) to compare each sin-
gle genotype plot to mixed 6-genotype plots at the end
of their experiment. From our analyses it is apparent
that differences exist between the performances of
single genotypes (Table 1). We tested for significant
differences in performances between individual single
genotype plots and 6-genotype plots using Ln-trans-
formed data and Mann–Whitney U tests to account for
unequal and small samples sizes. While some geno-
types (e.g. B, D and E) often differed in performances
compared to mixed 6-genotype plots, we identified
many instances where no differences existed between
the performance of a particular single genotype and
6-genotype plots (Table 1). Similarly, we calculated
net effects (LRnet) and transgressive over performance
(LRtrans; see Wang et al. 2012) using each single-
genotype separately instead of using the overall
average of single-genotype plots. Again, vast differ-
ences exist between single genotypes (Tables 2 and 3).
This becomes clear when comparing transgressive
performances (LNtrans, see Wang et al. 2012),
indicating that the best performing single genotypes A,
C and F often outperformed 6-genotype plots
(Table 3). In general, these findings clearly illustrate
that caution should be exercised when significant
differences exist among single genotype performances
and when genotypes are over-represented within dif-
ferent treatments, i.e. present in all 6-genotype plots
but only in 17 % of single-genotype plots. Field
experiments aimed at understanding the contribution
of non-additive genotypic effects on trait variation
should therefore carefully consider experimental
design in order to avoid the effects of over dominance.
The influence of admixture on genetic diversity and
invasion success has been shown for many invasive
species (e.g. Kolbe et al. 2008). Smooth cord grass
reproduces both sexually and clonally (O’Brien and
Freshwater 1999) with high levels of genetic diversity
reported, probably as a result of frequent outcrossing
(Blum et al. 2007; Utomo et al. 2010). This indicates
that sexual reproduction and seed recruitment is
important in this wind pollinated species which has a
relatively short generation time (Travis et al. 2004). It
is therefore conceivable that outcrossing, seed set and
seedling recruitment may have occurred during Wang
et al.’s (2012) study. Again, we emphasize the need for
post-establishment genotype identity in studies exam-
ining non-additive genetic contributions to phenotypic
variation in sexually reproducing species with short
generation times.
From a philosophical point of view, the ability of
any introduced organism to become invasive requires it
to overcome a series of barriers (Blackburn et al. 2011).
Wang et al. (2012) essentially compared performance
Table 1 Mean and standard deviations of performances for single and 6-genotype plots in November 2007 as reported in Wang et al.
(2012)









per unit area (kg/m2)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
A 1,614.0 884.5 12.6 6.2 21.3 11.2 3.1 0.7 76.8 12.6 0.6 0.1
B 739.0 102.3 4.3 0.6 10.0 1.3 2.6 0.2 75.2 16.9 0.4 0.1
C 1,349.3 374.6 11.4 5.9 19.8 4.9 3.1 0.6 68.1 8.9 0.6 0.1
D 884.3 587.8 6.5 5.2 9.6 7.2 2.1 1.1 135.9 87.4 0.9 0.4
E 1,136.8 793.8 6.3 4.2 10.0 4.0 2.6 0.4 103.5 47.3 0.6 0.2
F 1,444.3 486.4 11.2 6.4 23.5 7.0 3.4 0.6 62.5 12.5 0.5 0.2
6-Genotypes 2,074.0 415.0 13.9 4.8 25.2 7.8 3.6 0.5 87.9 25.5 0.6 0.1
Significant differences between single and 6-genotype plots are indicated in bold
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traits between different genotypic mixtures associated
with colonization/establishment phase, at very small
scales (0.5 9 0.5 m plots). While the terminology
frequently used in invasion ecology has been the
subject of debate, it is generally accepted that species
are only considered invasive once they have spread
over substantial distances (Richardson et al. 2001). For
example, the enhanced establishment/dispersal ability
at the scale of Wang et al. (2012) paper does not clearly
link it to the known invasive ability of smooth cord
grass in China or elsewhere in the world. An assess-
ment of genetic diversity of smooth cord grass
throughout its known invasive ranges globally may
shed light on its importance during colonization and
spread of this species.
Understanding the processes and attributes that
govern the success of alien invasive species remains a
central theme in invasion ecology. The role of genetic
diversity in mediating invasiveness remains a ‘paradox’
and requires further inquiry. Disentangling the contri-
butions of additive and non-additive genotypic effects on
performance during invasion is an essential, interesting
and much needed field of inquiry. Wang et al. (2012)
have led the way in this difficult task, but more
importantly, have highlighted some drawbacks and
considerations for future efforts to consider. In conclu-
sion, we recommend that such studies take into account
not only the effects of genetic diversity, but also density
and relative abundance of different genotypes. More-
over, pre- and post-experimental confirmation of geno-
typic diversity is essential to disentangle the role of non-
additive genetic variation from the dominance by some
genotypes and the effects of admixture.
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